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LINEARIZED IMPULSIVE EARTH APPROACH GUIDANCE ANALYSIS 

By Thomas B. Murtagh 

SUMMARY 

A comparative ana lys i s  i s  presented of a v a r i e t y  of guidance l a w s  
f o r  Earth-entry co r r ido r  con t ro l  on t h e  r e t u r n  l e g  of a conjunction- 
c l a s s  Mars mission. The f ixed  and va r i ab le  t ime-of-arrival guidance 
l a w s  used f o r  t h e  ana lys i s  a r e  derived i n  a general  form. P a r t i c u l a r  
so lu t ions  a r e  generated by spec i f i ca t ion  of t h e  cons t r a in t  equations 
f o r  t h e  s t a t e  va r i ab le s .  For t h e  var iab le  t ime-of-arrival guidance 
l a w s ,  a general ized equation i s  developed which provides f o r  t h e  
propagation of t h e  pos i t i on  and ve loc i ty  d ispers ions  t o  t h e  nominal 
time of a r r i v a l  a t  t h e  t a r g e t .  The development includes a ca l cu la t ion  
of t h e  timing e r r o r  pred ic ted  by the guidance equations.  
type of Earth en t ry  problems considered, r e s u l t s  of t he  ana lys i s  
i n d i c a t e  t h a t  t h e  b e s t  o v e r a l l  performance i s  produced by a v a r i a b l e  
t ime-of-arr ival  guidance ,aw which cons t ra ins  r a d i a l  , cross-range , 
and f l igh t -pa th  angle  e r r o r s  while it minimizes t h e  magnitude of t h e  
commanded ve loc i ty  cor rec t ion .  

For t h e  

INTRODUCTION 

The l i n e a r  theory of impulsive ve loc i ty  cor rec t ions  f o r  space 
veh ic l e  guidance has been discussed i n  re ferences  1 through 5 .  
However, t h e  guidance theory contained i n  these  references i s  r e s t r i c t e d  

and no attempt i s  made t o  general ize  t h e  formulation of t h e  guidance 
l a w s .  A s i m i l a r i t y  of form between t h e s e  guidance laws i s  ev ident ,  
which suggests t h a t  they  are somehow mathematically r e l a t e d .  Cicolani  
( r e f .  6 )  noted t h i s  s i m i l a r i t y  and attempted t o  determine t h e  genera l  
p rope r t i e s  of l i n e a r i z e d  impulsive guidance laws by use of t h e  concepts 
of l i n e a r  vector  spaces and the  pseudoinverse of a matrix. A more 
s t ra ightforward approach t o  t h e  problem w a s  made by Tempelman ( r e f .  7 )  
who began with a general ized l i n e a r  cons t r a in t  equation and developed 
a s o l u t i o n  t o  t h e  impulsive guidance problem. 

c t o  a discussion of f ixed  and var iab le  t ime-of-arr ival  pos i t i on  guidance 

0 
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The ana lys i s  presented i n  t h i s  document w a s  motivated by 
Tempelman's work and i s  an attempt t o  s implify h i s  approach t o  t h e  
development of a general  formulation of l i n e a r i z e d  impulsive guidance 
l a w s .  
of a generalized equation f o r  t h e  va r i ab le  t ime-of-arrival guidance 
l a w s  which provides f o r  t h e  propagation of pos i t i on  and v e l o c i t y  
d ispers ions  t o  t h e  nominal time of a r r i v a l  a t  t h e  t a r g e t .  
ca l cu la t ion  of t h e  t iming e r r o r  predicted by t h e  guidance equations i s  
a l s o  included. A comparison of a v a r i e t y  of guidance l a w s  f o r  t h e  
Ear th  en t ry  phase of a conjunction-class Mars mission i s  presented 
t o  i l l u s t r a t e  t h e  theory out l ined  i n  t h e  preceding paragraph. 

An extension of Tempelman s developement i s  t h e  de r iva t ion  

A 

SYMBOLS 

- 
a 

D 

E 

e 

G 

- 

G1) G2 

H 

Ti 

I 

K 

c 
M 

N 

; 
P 

acce lera t ion  vec tor  

dis tance from nominal t a r g e t  point  def ined by equation (23) 

6 by 6 uncer ta in ty  covariance matrix defined by equation (43) 

uncer ta in ty  i n  s t a t e  vec tor  es t imate  

6 by 6 guidance-law matr ix  defined by equation (9) 

3 by 3 submatrices of G 

3 by 3 guidance-constraint  matrix used i n  equation ( 6 )  

o r b i t a l  angular momentum vec to r ,  h = x 

i den t i ty  matr ix  of appropriate  dimensions 

3 by 3 guidance-constraint  matr ix  used i n  equation ( 6 )  

guidance-constraint vec tor  used i n  equation ( 6 )  

6 by 3 compat ib i l i ty  matr ix  def ined by equation ( 4 5 )  

3 by 3 covariance matr ix  of ve loc i ty  co r rec t ion  execution 

- 

e r r o r  defined by equation (42)  

6 by 6 d i spe r s ion  covariance matr ix  defined by equation (50)  

6 by 6 d ispers ion  covariance mat r ix  def ined by equation (38) 
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lo  

magnitude of R' 

pos i t i on  vec tor  

cur ren t  time 

time of a r r i v a l  a t  t a rge t  point  

magnitude of 

ve loc i ty  vec tor  

s t a t e  vec to r ,  = 

s e n s i t i v i t y  vec tor  that  r e l a t e s  f l i gh t -pa th  angle e r r o r  t o  
pos i t i on  vector  e r rors  

s e n s i t i v i t y  vec tor  t h a t  r e l a t e s  f l igh t -pa th  angle  e r r o r  t o  
v e l o c i t y  vec tor  e r ro r s  

t iming e r r o r  s e n s i t i v i t y  t o  pos i t i on  vec tor  e r r o r s  

t i m i n g  e r r o r  s e n s i t i v i t y  t o  v e l o c i t y  vec tor  e r r o r s  

6 by 6 t r a n s i t i o n  m a t r i x  def ined by equation (36) 

' f l igh t -pa th  angle 

s m a l l  v a r i a t i o n  of ( ) 

magnitude of A B  

ve loc i ty  cor rec t ion  vector def ined by equation ( 5 )  

vec tor  def ined by equation (15 )  

6 by 6 s t a t e  t r a n s i t i o n  matr ix  def ined by equation ( 3 )  

3 by 3 submatrices of 0 

0 '  

0 

6 by 6 t r a n s i t i o n  matrix def ined by equation (37) 

6 by 6 matr ix  defined by equation (48) 
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7 a r b i t r a r y  t i m e  

f veloc i ty  cor rec t ion  implementation e r r o r  vector  

Superscr ip ts :  

+ ( ) a f t e r  maneuver or  measurement 

( ) before maneuver o r  measurement - 
T transpose of ( ) 

-1 inverse of ( 

c (  17 expected value of ( 

ANALYS I s 

I n i t i a l  and Fina l  S t a t e  Vector Error  Relat ionship 

The t e rmina l  s t a t e  vector  e r r o r .  d ( T )  i s  r e l a t e d  t o  t h e  i n i t i a l  

s t a t e  vector  e r ro r  &(t)  through t h e  state t r a n s i t i o n  matr ix  

where B ( T )  and s ( T )  a r e  t h e  ve loc i ty  and acce lera t ion ,  r e spec t ive ly ,  
of t h e  nominal t r a j e c t o r y  a t  t h e  nominal time of a r r i v a l  a t  t h e  

t a r g e t  T .  I f  S ~ ? ( T )  i s  defined by 

where T 

Q ( T , t )  i s  par t i t ioned  i n t o  
is some a r b i t r a r y  time and i f  t h e  state t r a n s i t i o n  matr ix  

41(T, t )  42(T, t) 

43(T, t )  44(T, t) 
+ ( T ,  t) = [ ] ( 3 )  

then  equation (1) can be w r i t t e n  ( r e f .  7 )  

SR+(T)  = +,sfi+(t) + @,sV+(t) + B ( T ) ~ T  (4a) 

where t h e  t imescr ipts  on t h e  t r a n s i t i o n  matr ix  have been omitted f o r  
not a t  i ona l  s implici ty  . 
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Generalized Equation f o r  t h e  Velocity Correct ion 

The ve loc i ty  cor rec t ion  A v ( t )  i s  defined by 

AP(t)  = &(t)  - 6 v - ( t )  ( 5 )  
If t e r m i n a l  cons t r a in t s  consis tent  with t h e  guidance l a w  being 

inves t iga ted  are imposed and i f  those cons t ra in t  r e l a t ionsh ips  are 
subs t i t u t ed  in to  equation (4) , a n  equation r e s u l t s  i n  t h e  form 

sP+(t) = - K - l H d ( t )  - K”E6T (6) 
where K and H are guidance cons t ra in t  matr ices  and where L i s  
a guidance cons t ra in t  vector .  By use of t h e  f a c t  t h a t  if t h e  naneuver 
i s  assumed t o  be impulsive, t h a t  i s ,  

6 R + ( t )  = 6 E - ( t )  ( ( 7 )  
and i f  equations ( 5 ) ,  (6), and ( 7 )  are combined with the  expression 
f o r  6T as a funct ion of posi t ion and ve loc i ty  deviat ions a t  t h e  t i m e  
of t h e  cor rec t ion ,  a general  form of t h e  equation f o r  $he ve loc i ty  
cor rec t ion  i s  derived as 

A v ( t )  = G16E- ( t )  + G 2 6 v - ( t )  ( 8 )  

where G1 and G2 are submatrices of t h e  guidance l a w  matr ix  

(refs.  4 and 6 ) .  

= [rl .:.] ( 9 )  

Fixed Time-of-Arrival Guidance Laws 

For f ixed t ime-of-arrival (FTA) guidance l a w s  6T = 0 and 
equation ( 6 )  becomes 

sTj+(t) = -Km1H6R’(t) (10 1 

d ( T )  = 0 (11) 

The most commonly used FTA guidance l a w  imposes t h e  cons t ra in t  t h a t  

and i s  r e fe r r ed  t o  as FTA posi t ion guidance (refs.  1 through 4 ) .  
Use of equations ( 7 )  and (11) with equation (4a) produces t h e  
expression 

A comparison of equations (10)  and ( 1 2 )  ind ica tes  t h a t  f o r  t h i s  
guidance l a w  K = and H = $l. U s e  of equations ( 5 )  and (12)  and 
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comparison of the  r e s u l t a n t  expression with equation (8) produces 

f o r  an FTA pos i t ion  guidance l a w  where I i s  t h e  i d e n t i t y  matrix.  
Another type  of FTA guidance l a w  might seek t o  cons t r a in  t h e  r a d i a l ,  
cross-range, and f l igh t -pa th  angle  e r r o r s  a t  some te rmina l  time T. 
The r a d i a l  error i s  def ined as t h e  component of t h e  pos i t i on  e r r o r  
along t h e  radius  vec tor ;  t he  cross-range e r r o r  i s  def ined as t h e  
component of the  pos i t i on  e r r o r  along t h e  o r b i t a l  angular momentum 
vector .  The r e su l t an t  cons t r a in t  equations a r e  

-T -+ -T -+ 
q 6V (T) - V 6R (T) = 0 

-T -+ R 6R (T) = 0 

-T -+ 
h 6 R  (T) = 0 

(14 1 

where fi 
momentum and where 

i s  a vector  i n  t h e  d i r e c t i o n  of t h e  o r b i t a l  angular 

(15) 
- ( E x 8 ) x V  n =  

V2 

If t h e  cons t ra in t  equation (14) i s  combined with equation ( b ) ,  t h e  
following expressions are produced f o r  t h e  matr ices  K and H i n  
equation (10). 

(6T44 - VTo2)  

K =  [ :Io2 42 ] 
H =  [:,-e')] 

$1 

The matr ices  G1 and G2 a r e  shown t o  be 

(17 )  t G~ = - K - ~ H  

G2 = -I 
Other types  of FTA guidance laws can be generated if  t h e  appropr ia te  
cons t r a in t s  are imposed and i f  t h e  f i n a l  expression i s  i n  t h e  form of 



a 7 

equation (8 ) .  
derived by t h e  imposit ion of cons t ra in ts  on c e r t a i n  combinations of 
t h e  Keplerian o r b i t a l  elements. 

S te rn  ( r e f .  2 )  develops FTA guidance l a w s  which a r e  

Variable  Time-of-Arrival Guidance Laws 

The most popular va r i ab le  t ime-of-arrival (VTA) guidance l a w  i s  

t h e  VTA pos i t i on  guidance l a w  which r equ i r e s  t h a t  
which computes 6T 

magnitude of t h e  commanded ve loc i ty  co r rec t ion  A v ( t ) .  For t h i s  
guidance l a w ,  t h e  matr ices  K and H i n  equation ( 6 )  are equal t o  

and I $ ~ ,  r e spec t ive ly ,  and the vec tor  L i s  equal  t o  T ( T )  

6f?(T) = 0 and 
(6T  # 0 f o r  any VTA guidance l a w )  t o  minimize t h e  

- 
(refs.  1 through 4 ) .  

A similar VTA guidance l a w  i s  generated i f  t h e  cons t r a in t s  i n  
equations (14) ( i . e . ,  n u l l  r a d i a l ,  cross-range, and f l i gh t -pa th  angle 
e r r o r s )  a r e  imposed t o  produce the expressions f o r  t h e  matr ices  K 

and H i n  equation (16) and t h e  following equation f o r  t h e  vec tor  
requi red  f o r  t h e  genera l  equation ( 6 ) .  

- 
where rl i s  def ined i n  equation (15). Combination of equations ( 5 )  , 
(6), and ( 7 )  r e s u l t s  i n  

c v ( t )  = - K - l H s R - ( t )  - 6 v - ( t )  - K-’E6T ( 1 9 )  
The next s t e p  i s  t o  compute 6T so as t o  minimize t h e  magnitude of 
t h e  commanded ve loc i ty  correct ion.  This computation r equ i r e s  t h e  
s o l u t i o n  of t h e  following expression f o r  6T. 

Use of equations (19) and (20 )  yie lds  
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Subs t i t u t ion  of equation ( 2 1 )  i n t o  ( 1 9 )  and comparison of t h e  r e s u l t a n t  
equation with equation ( 8 )  provides expressions f o r  G1 and G2. 

(22) I G~ = G K - ~ H  

G2 ( K - ~ E ) T ( K - ~ E )  

2 

- - (K-IE) ( K . - ~ L ) ~  - I  

The cons t ra in ts  on r a d i a l ,  cross-range, and f l i gh t -pa th  angle  

6T t o  minimize t h e  d i s t ance  from 
e r r o r s  represented by equations ( 1 4 )  may a l s o  be used t o  cons t ruc t  a 
VTA guidance l a w  which computes 
t h e  nominal t a rge t  point  D. This d i s t ance  i s  given by t h e  expression 

( 2 3 )  
T -+ D [Sg+(T)] 6 R  ( T )  

where 6$(T) i s  def ined by equation ( h a )  ( r e f .  7 ) .  The equation 

must be solved i n  combination with t h e  equation for 
produce 

d ( T )  t o  

Subs t i t u t ion  of equation (25)  i n t o  equation (19) and comparison of 
t h e  r e s u l t a n t  expression with equation ( 8 )  produces t h e  following 
equations.  

The last type  of VTA guidance l a w  t o  be considered i s  one which 

requi res  t h a t  d ( T )  = 0 and which computes 6T such t h a t  t h e  
v a r i a t i o n  i n  f l igh t -pa th  angle at t h e  t a r g e t  a f t e r  t h e  co r rec t ion  i s  

zero. The r e l a t ionsh ip  between t h e  f l igh t -pa th  angle  v a r i a t i o n  6y+( T )  
and t h e  va r i a t ions  i n  pos i t i on  and ve loc i ty  i s  given by equation (27) 

( 2 7 )  

( r e f .  4 ) .  - T -+ T -+ 6 y + ( T )  = Z1 6 R  ( T )  + 2, 6V ( T )  
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where 

. 

and where 

- - ( i i X V ) X V  ( 2 9 )  
v21R x TI z2 - - - 

The vectors  Z1 and Z2 represent  t h e  s e n s i t i v i t y  of t h e  f l igh t -pa th  

angle e r r o r  t o  pos i t i on  and ve loc i ty  e r r o r s ,  respec t ive ly .  
equation (27) is  combined with equation (4b)  and i f  t h e  following 
cons t r a in t s  a r e  imposed 

If 

+ 
6y (T) = 0 

then  z TL$ K ( t )  + Z , T L $ 4 6 V + ( t )  
(31) 2 3  6T = - - T- Z a  2 

I f  equation (31)  i s  subs t i t u t ed  in to  equation (19)  [K = O,, H = 0, 
and E = T(T)] and i f  t h e  r e s u l t  is compared with equation (81, 
equation (32 )  results. 

Error Propagation f o r  VTA Guidance 

The equation f o r  t h e  va r i a t ion  i n  t h e  time of a r r i v a l  6T may 
be cas t  i n t o  e i t h e r  of t h e  following forms. 

( 3 3 )  

(34)  

T -+ 6T = Ts$( t )  si, 6v ( t )  
1 

o r  - T -+ T 6T = a2 6 R  ( t )  + p2 6a-(t)  
- - - 
a2,  and 8, a r e  t h e  s e n s i t i v i t i e s  of t h e  t iming e r r o r  

1' where a 

t o  pos i t i on  and ve loc i ty  errors ,  respec t ive ly .  
6T 
s t a t e  vector  e r r o r s  (eq.  1) becomes 

I f  t h e  expression f o r  
i s  l i k e  equation (33), t hen  the  equation f o r  propagation of t h e  
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where 

and 

The covarian 

T ( T , t )  = @ ( T , t )  + @'(T, t )  (36) 

2 matrix of s ta te  vector dispers ions i s  defined by 

where t h e  angular brackets  denote t h e  expected value operator .  
equation (35)  i s  mul t ip l ied  on t h e  r i g h t  by i t s  t ranspose and t h e  
expected value of t h e  r e s u l t  i s  used with t h e  d e f i n i t i o n  i n  equation (38) ,  
t h e  following equation i s  produced. 

If 

P+(T) = I ' ( T , t ) P + ( t ) r T ( T , t )  (39)  

where ( r e f .  4 )  

and 

( 4 1 )  

The matrix N ( t )  i s  t h e  covariance matr ix  of t h e  v e l o c i t y  
co r rec t ion  e r ro r  (der ived and discussed i n  r e f .  3) and i s  def ined by 

N ( t )  = < ? ( t ) E T ( t ) >  (42)  

where f (t  ) 
The matrix E ( t )  
(refs.  1, 3, and 8 )  and i s  defined by 

i s  t h e  v e l o c i t y  correct ion implementation e r r o r  vector .  
i s  a measure of t h e  navigation system accuracy 

E ( T )  =< z ( T  )gT( r  )> (43 )  
- 

where e ( r )  i s  t h e  uncertainty i n  t h e  s t a t e  vec to r  estimate. 

I f  t h e  expression f o r  6T i s  i n  t h e  form of equation (34 ) ,  then 
t h e  de r iva t ion  o f  an equation s i m i l a r  t o  equation (39) r equ i r e s  more 
complex mathematical manipulations. If i s  shown i n  reference 1 t h a t  



. 
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where =[3 
Subs t i t u t ion  of equation (34)  in to  equation (1) y e i l d s  

( 4 5 )  

and i n s e r t i o n  of equation ( 4 4 )  in to  t h e  above expression produces 

S x + ( T )  = O ( T , t ) G z - ( t )  + O G e ' ( t )  - @MC (47) 

where 

O ( T , t )  = 0 ( 1  + G )  + O '  

I f  equation (47)  i s  mult ipl ied on t h e  r i g h t  by i t s  t ranspose and if  t h e  
expected value of t h e  r e s u l t  i s  used and terms are co l l ec t ed  equation (49)  
i s  produced. 

P+(T) = F + ( T )  + @[(I + G ) P - ( t )  - GE' ( t ) ]OlT  

+ @'[P'(t)(I + G I T  - E - ( t ) G  T T  ]@ (49) 

+ O'P-( t )VT 

where 

RESULTS AND DISCUSSION 

Reference Trajectory and Assumptions 

The reference t r a j e c t o r y  chosen t o  i l l u s t r a t e  t h e  guidance l a w s  
developed i n  t h e  preceding sect ions was  a 1977 Mars stopover mission 
discussed i n  considerable d e t a i l  i n  reference 8. 
of a 360-day outbound phase, a 300-day parking-orbit phase, and a 
320-day r e t u r n  phase. 
e r r o r s  a t  t h e  termination of t h e  o r b i t  phase were 2 n. m i .  and 5 f p s ,  
respec t ive ly .  The uncertainty covariance matrix E ( t )  w a s  updated on 
t h e  r e t u r n  l e g  by processing both Earth-based radar  and onboard o p t i c a l  

This mission cons is t s  

The root-mean-square (RMS) pos i t i on  and ve loc i ty  
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navigat,m da ta  with a lLLlman f i l t e r ;  t,.e d ispers ion  covariance 
matr ix  P ( t )  was updated with th ree  FTA ve loc i ty  cor rec t ions  t h a t  
required a t o t a l  AV of 55 fps .  

The maneuver required t o  t a r g e t  t h e  spacecraf t  t o  t h e  en t ry  cor r idor  
w a s  assumed t o  be executed a t  t h e  Earth sphere of inf luence (SOI), 
which i s  approximately 500 000 n .  m i .  f r o m t h e  Earth.  The nominal 
en t ry  conditions were a r b i t r a r i l y  chosen t o  be an en t ry  a l t i t u d e  

of 400 000 feet  and an en t ry  f l igh t -pa th  angle (FPA) yE of -6' which 

r e su l t ed  i n  an entry speed VE of 38 250 fps .  The inc l ina t ion  of t h e  

en t ry  t r a j e c t o r y  i 

t a rge t ing  maneuver. 
en t ry  in t e r f ace  from t h e  Earth SO1 was 64 hours. 

hE 

w a s  75' with no plane change assumed i n  t h e  E 
The t i m e  required f o r  t h e  spacecraf t  t o  reach t h e  

A p lo t  i s  presented i n  f igu re  l ( a )  of t h e  SO1 midcourse AV as a 
funct ion of t h e  entry speed and FPA f o r  % = 400 000 f e e t  and 

i = 75'; a similar p lo t  i s  presented i n  f igu re  l ( b )  f o r  i = 35' E E 
(a  plane change of 40'). 
figures bound the f l igh t -pa th  angle between 0' and -45'. 
previously specif ied %, VE,  and 

midcourse AV was 4 1  fp s ;  f o r  

The two curves presented on each of these  
For t h e  

and i = 75' t h e  SO1 YE E 
i = 35', t h e  AV w a s  188 fps .  E 

Navigation Resul ts  

The RMS entry r ad ius ,  speed, and FPA unce r t a in t i e s  are presented 
i n  f igu re  2. 
ra te  navigation da ta  were processed every hour from t h e  t i m e  of t h e  
SO1 midcourse maneuver. The s o l i d  curves on t h e  f igures  represent  t h e  
unce r t a in t i e s  f o r  = 75',  while t h e  dashed curves represent  d a t a  

f o r  i = 35'. It i s  evident from these  p l o t s  t h a t  t h e  radar  measure- 

ments reduce the uncer ta in ty  i n  t h e  en t ry  parameters t o  a neg l ig ib l e  
l e v e l  a f t e r  20 h o u r s  of  t racking.  

It w a s  assumed t h a t  Earth-based radar  range and range- 

i E 

E 

FTA Guidance Results 

The RMS entry r ad ius ,  speed, and FPA dispers ions a re  presented 
i n  f igu re  3 as a funct ion of t h e  RMS AV f o r  t h e  two FTA guidance 
l a w s  considered i n  t h i s  paper. For t h i s  d a t a  and for t he  VTA guidance 
d a t a  i n  t h e  following sec t ion ,  t h e  guidance maneuver execution errors, 
represented by N ( t  ) i n  equation (42) , assume a 1 percent propor t iona l  
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e r r o r ,  a 1' point ing e r r o r ,  and a 0.5 fps  engine cutoff  e r r o r  
( r e f .  4). Earth-based radar  measm'ements were assumed t o  be  made 
once per hour. 

The guidance l a w  a t tempts  t o  n u l l  pos i t i on  vector  e r r o r s  a t  
t h e  nominal time of a r r i v a l  a t  t h e  en t ry  i n t e r f a c e  [ f i g .  3(a)  1.  It 
i s  evident from t h e  f i g u r e  t h a t  t he re  i s  an optimum time a t  which t o  
execute t h e  maneuver i n  order  t o  produce minimum values  of t h e  en t ry  
parameter d i spers ions  f o r  t h e  smallest  p rope l lan t  expenditure.  However, 
t h e  optimum time i s  d i f f e r e n t  f o r  each of t h e  en t ry  parameter d i spers ion  
p l o t s .  
a n a l y t i c a l l y  t h e  optimum s ing le  cor rec t ion  t imes,  but t h i s  i s  beyond 
t h e  scope of t h i s  paper. 

The techniques used i n  reference 9 could be used t o  determine 

The guidance l a w  a t tempts  t o  n u l l  radial ,  cross-range, and FPA 
e r r o r s  a t  t h e  nominal time of a r r i v a l  a t  t h e  en t ry  i n t e r f a c e  [ f i g .  3 ( b ) ] .  
Comparison of t h e  curves i n  f i g u r e  3 ( b )  t o  those  presented i n  f i g u r e  3(a) 
ind ica t e s  t h a t  t h e  rad ius  and speed e r r o r s  a r e  approximately equal f o r  
e i t h e r  guidance l a w  but t h a t  t h e  FPA con t ro l  i s  b e t t e r  f o r  t h e  guidance 
l a w  i l l u s t r a t e d  i n  f i g u r e  3 ( b ) .  

VTA Guidance Resul t s  

The RMS ent ry  rad ius ,  speed, and FPA dispers ions  a r e  presented i n  
f i g u r e  4 f o r  t h e  four  VTA guidance l a w s  considered. The en t ry  speed 
e r r o r s  i n  f i g u r e  4 a r e  genera l ly  lower than  t h e  corresponding e r r o r s  
presented i n  f i g u r e  3 f o r  t h e  FTA guidance l a w s .  This d i f f e rence  i s  
misleading because f o r  t h e  VTA guidance l a w s  t h e r e  i s  an assoc ia ted  
p l o t  of t h e  RMS timing e r r o r  (da ta  not shown) which maps i n t o  a 
v e l o c i t y  e r r o r ,  and t h i s  e r r o r  must be added t o  t h e  speed e r r o r  computed 
from t h e  VTA guidance equations.  
guidance l a w s  considered range from 150 t o  300 seconds. However, t h e  
r e l a x a t i o n  of t h e  cons t r a in t  on the  t ime of a r r i v a l  permits a smaller 
RMS AV requirement f o r  spec i f i ed  radius  and FPA e r r o r s .  For example, 
suppose t h a t  an RMS AV of 25 f p s  is  allowed. I n  f i g u r e  4(a)  , t h i s  AV 
i s  shown t o  produce a rad ius  e r ro r  of 0.7 n. m i .  and an FPA e r r o r  of 
0.05O;  i n  f igu re  4 ( b ) ,  t h e  rad ius  and FPA e r r o r s  a r e  0.6 n .  m i .  and 
0.005°, respec t ive ly ;  i n  f i g u r e  4 ( c ) ,  t h e  r ad ius  and FPA e r r o r s  a r e  
3.0 n. m i .  and 0.14', respec t ive ly ;  and i n  f i g u r e  & ( a ) ,  t h e  r e s u l t a n t  
r ad ius  and FPA e r r o r s  a r e  2.2 n .  m i .  and 0.01', r e spec t ive ly .  
d a t a  ind ica t e  t h a t  t he  bes t  ove ra l l  performance i s  produced by t h e  
guidance l a w  which at tempts  t o  nu l l  radial, cross-range, and FPA e r r o r s  
while it minimizes the  magnitude of t h e  commanded cor rec t ion  [ f i g .  4 ( b ) ] .  

Typical t iming e r r o r s  f o r  t h e  VTA 

. These 

. 
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CONCLUDING REMARKS 

A comparative analysis of a variety of guidance laws f o r  the 
Earth entry phase of a conjunction-class Mars mission has been presented. 
The fixed and variable time-of-arrival guidance laws used for the 
analysis were derived in a general form, 
indicate that a VTA guidance law which constrains radial, cross-range, 
and flight-path angle errors while it minimizes the magnitude of the 
commanded correction produces the most satisfactory performance. 

The results of the analysis 

. 
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